β-Cypermethrin (β-CYP), one of most important pyrethroids, is widely used to control insects, and has been detected in organisms, including human. Pyrethroids have been shown to pose neurotoxicity, hepatotoxicity, endocrine disruption and reproductive risks in mammals. However, research in immunotoxicity of pyrethroids, especially their metabolites, is limited. A common metabolite of pyrethroids is 3-phenoxybenzoic acid (3-PBA) in mammals. Thus, in this study, we evaluated the immunotoxicity of β-CYP and 3-PBA in mouse macrophages, RAW 264.7 cells. MTT assays showed that both β-CYP and 3-PBA reduced cell viability in a concentration-and time-dependent manner. Flow cytometry with Annexin-V/PI staining demonstrated that both β-CYP and 3-PBA induced RAW 264.7 cell apoptosis. Furthermore, our results also showed that N-acetylcysteine partially blocked β-CYP-and 3-PBA-induced cytotoxicity and apoptosis. Intrinsic apoptotic pathway was stimulated by both β-CYP and 3-PBA exposure. In addition, we found that β-CYP and 3-PBA inhibited mRNA levels of proinflammatory cytokines with or without LPS stimulation. Phagocytosis assay showed that both β-CYP and 3-PBA inhibited phagocytic ability of macrophages. Moreover, it was also found that both β-CYP and 3-PBA increased reactive oxygen species (ROS) levels in RAW 264.7 cells. Accordingly, both β-CYP and 3-PBA were found to regulate the mRNA levels of oxidative stress-related genes in RAW 264.7 cells. Taken together, the results obtained in this study demonstrated that β-CYP and 3-PBA may have immunotoxic effect on macrophages and that elevated ROS may underlie the mechanism. The present study will help to understand the health risks caused by β-CYP and other pyrethroids.
Introduction
Pyrethroids are the second widely used insecticides to control agricultural and indoor pests, and have an increased use worldwide [1] . Due to wide usage, pyrethroids have been detected in non-target organisms, including fish and human [2, 3] . Cypermethrin (CYP) is one of the commonest pyrethroids, with β-cypermethrin (β-CYP) as its highly efficient commercial enantiomer.
CYP and other pyrethroids have been shown to pose neurotoxicity, hepatotoxicity, reproductive toxicity, and endocrine-disrupting effects on non-target organisms. For example, a single oral gavage of 40 or 80 mg/kg β-CYP in mice caused significant decreases in glutamate level and glutamine synthetase activity, and an obvious increase of synaptosomal glutamate uptake in the cerebral cortex of mice [4] . Low dose of α-CYP (0.02 mg/kg/d) exposure during gestation induced an increase in plasma aspartate aminotransferase, alanine aminotransferase, and alkaline phosphatase activities in pregnant rats and their newborns [5] , indicating that hepatotoxicity could not only be induced during pregnancy, but also be transferred to offspring by exposure to α-CYP. Maternal exposure to CYP during the perinatal period led to a dose-dependent decrease in the male-to-female sex ratio, as well as germ cell vacuolization and apoptosis at postnatal Day 90.5 in 12 mg/kg/d group [6] . Our previous study showed that cis-bifenthrin exposure in maternal mice resulted in a disruption of the transcription of genes involved in testosterone synthesis in male offspring [7] . CYP was also found to have antiglucocorticoidic effects [8] . Ιn mammals, 3-phenoxybenzoic acid (3-PBA) and 3-(2,2-dichlorovinyl)-2,2-dimethylcyclopropane carboxylic acid (DCCA) are major metabolites of pyrethroids [9] . 3-PBA was found to have antiestrogenic, antiandrogenic, and thyroid hormone receptor antagonistic activities [10] . However, research of the metabolites of pyrethroids in other toxic aspects is still limited.
Immune system is one of most susceptible targets of environmental pollutants. Many environmental pollutants, including pesticides, were found to be immmunotoxic [11] [12] [13] . Epidemiologic research has shown that exposure of environmental pollutants is related to the occurrence of immune system-related diseases, including infection, allergy, and cancers [14, 15] . Some studies have indicated that pyrethroids have the potential to cause immunotoxicity. For example, in vitro exposure of CYP leads to a decrease in clonogenic potentials of granulocyte-macrophage colony formation derived from human hematopoietic progenitor cells [16] . Our previous research has also shown that cis-bifenthrin induces apoptosis and inhibits gene expressions of pro-inflammatory cytokines in macrophages [17] . Nevertheless, research in the immune function influenced by β-CYP and its metabolites, as well as the potential mechanism is still limited.
In this study, we used RAW 264.7 cells as an in vitro model to examine cell viability, apoptosis, reactive oxygen species (ROS) level, and phagocytosis activity, as well as mRNA levels of pro-inflammatory cytokines, intrinsic apoptotis-and oxidative stress-related genes after exposure of β-CYP or 3-PBA, trying to elucidate the immunotoxicity of β-CYP and its metabolite, as well as its potential mechanism, and to provide data for health risk assessment of pyrethroids.
Materials and Methods
Cell culture and chemicals RAW 264.7 cells were purchased from American Type Culture Collection (ATCC, Manassas, USA) and maintained in RPMI1640 supplemented with penicillin (100 μg/ml), streptomycin (100 U/ml) and 10% FBS (Gibco, Gaithersburg, USA) in an atmosphere of 5% CO 2 at 37°C under saturating humidity.
β-CYP (CAS No. 65371-84-2; >99%) was purchased from Pesticide Research Institute (Shanghai, China) and 3-PBA (CAS No. 3739-38-6; >98%) was purchased from Sigma-Aldrich (St Louis, USA). They were dissolved in dimethyl sulfoxide (DMSO) to a final concentration of 100 mM. Solutions were stored at 4°C and diluted to appropriate concentrations with final medium immediately prior to use. LPS (Escherichia coli O55:B5) and N-acetylcysteine (NAC) (CAS No. 616-9-11) were purchased from Sigma-Aldrich. Sendai virus was kept in our laboratory.
MTT assay
RAW 264.7 cells were cultured in 96-well plates (Corning Co, Corning, USA) at a density of 1 × 10 4 cells/well and exposed to different concentrations of β-CYP or 3-PBA for 24 or 48 h in the presence or absence (1 h of pretreatment) of NAC (10 mM). Cell viability was determined using the MTT Cell Proliferation and Cytotoxicity Assay Kit (Beyotime, Beijing, China). The assay was carried out according to manufacturer's instructions. Absorbance at 490 nm was measured using a microplate reader (Bio-TEK, Winooski, USA). The experiments were repeated in triplicate.
FITC-annexin-V/PI staining assay
Following β-CYP or 3-PBA exposure, RAW 264.7 cells were collected and suspended in 1 ml Annexin-V binding buffer containing 5 μl of propidium iodide (PI) and Annexin-V-FITC. Fluorescence was measured by fluorescence-activated cell sorting (FACS) using a CaliburTM flow cytometer equipped with Cell Quest Pro software (Becton-Dickinson Immunocytometry System; Franklin Lakes, USA). Fluorescence data were collected from a total of 10,000 cells.
Real-time reverse-transcriptase-PCR analysis
Total RNA was extracted using Trizol Reagent (TaKaRa, Dalian, China). Reverse transcription was carried out using PrimeScriptTM reverse-transcriptase (TransGen Biotech, Beijing, China). Real-time reverse-transcriptase-PCR analysis (RT-qPCR) was performed using SYBR Green PCR Reagents Kit (TaKaRa) on an Eppendorf MasterCycler ® ep RealPlex4 (Wesseling-Berzdorf, Wesseling, Germany) as previously described [17] . The primers used for these experiments are shown in Supplementary Table S1 .
Measurement of reactive oxygen species
ROS level in macrophages was determined by measuring the fluorescence intensity of dichlorofluorescein (DCFH), which is the oxidized form of the non-fluorescent dichlorofluorescein diacetate (DCFH-DA). Cells were harvested after 24 h exposure to various concentrations of β-CYP or 3-PBA, washed twice with PBS and incubated with DCFH-DA (10 μM) at 37°C for 40 min in the dark. Fluorescence data were measured using a flow cytometer, with excitation and emission wavelengths of 480 and 525 nm, respectively. All measurements were carried out in triplicate.
Phagocytosis assay
After treatment with different concentrations of β-CYP or 3-PBA for 24 h, the medium was removed. Serum-free fresh medium containing FITC-labeled E. coli K12 strain bioparticles (Thermo-Fisher, Waltham, USA) were then added at the ratio of 1:15 (cell:bioparticle), followed by co-incubation in the incubator for 1 h. The cells were harvested after incubation and washed with PBS for 3 times to eliminate uninternalized E. coli bioparticles. The fluorescence of cells was measured using a flow cytometer with excitation and emission wavelengths of 494 and 518 nm, respectively.
LPS and Sendai virus treatment
RAW 264.7 cells were pretreated with 0, 25, 50, and 100 μM β-CYP or 3-PBA for 12 h, followed by incubation with 1 μg/ml LPS or Sendai virus (MOI = 0.05) for 12 h. Total RNA was then extracted from cells, and RT-qPCR was carried out to detect mRNA expressions of cytokines.
Statistical analysis
Data are expressed as the mean ± SD. Statistical analysis was carried out using Graphpad Prism (v 5.0). One-way ANOVA followed by Tukey's multiple comparison test was used to evaluate the statistical differences between groups, with the significance level set at *P < 0.05, **P < 0.01, and ***P < 0.001.
Results
β-CYP and 3-PBA induced apoptosis of RAW 264.7 cells
As shown in Fig. 1A , exposure of RAW 264.7 cells to 100 μM β-CYP for 24 h significantly reduced cell viability by~16% when compared with the control group. Exposure to β-CYP for 48 h resulted in more adverse cytotoxic effect than that observed after 24 h of exposure, with decreases in cell viability of~35% and 79% in 50 and 100 μM β-CYP-treated cells, respectively. Pretreatment of NAC, a potent anti-oxidant, partially rescued β-CYP-induced cytotoxicity.
Additionally, 48 h of treatment with 50 and 100 μM 3-PBA caused significant but less cytotoxicity in RAW 264.7 cells than treatment with β-CYP, with 15% and 12% reduction in cell viability, respectively, whereas no difference in cell viability was observed between the 24 h 3-PBA-treated groups and the control group (Fig. 1B) . Pretreatment of NAC partially rescued 3-PΒΑ-induced cytotoxicity as well.
To further investigate the effect of β-CYP and 3-PBA on macrophage apoptosis, RAW 264.7 cells were treated with β-CYP or 3-PBA at concentrations of 25, 50, and 100 μM for 48 h. An FITCAnnexin-V/PI staining assay was then carried out. As shown in Fig. 1C , RAW 264.7 cells treated with 0, 25, 50, and 100 μM β-CYP exhibited a concentration-dependent increase in apoptotic rates, with rates of 5%, 7%, 16%, and 31%, respectively, when compared with the control group (5% apoptotic rate). However, treatment with 3-PBA led to much less extent of apoptosis, with apoptotic rates of 5%, 5%, 5%, and 7%, at concentrations of 25, 50, and 100 μM, respectively. Pretreatment of NAC partially blocked β-CYPinduced apoptosis, with apoptotic rate of 7% in the group treated with both β-CYP (100 μM) and NAC (10 mM), and in the control group treated with both 3-PBA (100 μM) and NAC (10 mM), the apoptotic rate was 6%.
β-CYP and 3-PBA regulated intrinsic apoptotic pathway in RAW 264.7 cells
Compared with the control group, exposure to 50 and 100 μM β-CYP significantly induced approximately 1.7-and 3.1-fold increase in the level of p53 mRNA, respectively ( Fig. 2A) . The mRNA levels of Caspase-3 were significantly increased by 1.6-, 3.1-and 3.2-fold after treatment with 25, 50, and 100 μM of β-CYP, respectively (Fig. 2D) . When cells were treated with 100 μM β-CYP, a 3.0-fold increase was observed in the Caspase-9 mRNA level, when compared with the control group (Fig. 2F) . In contrast, treatment with 50 and 100 μM β-CYP reduced Bcl-2 mRNA level by 32% and 27%, respectively (Fig. 2B) . However, no change was observed in the mRNA levels of Bax and Caspase-8 (Fig. 2C,E ) before and after treatment.
As shown in Fig. 2I ,L, when compared with the control group, exposure to 100 μM 3-PBA induced 1.2-and 1.3-fold increases in the mRNA levels of Bax and Caspase-9, respectively. In contrast, exposure to 25, 50 and 100 μM 3-PBA caused approximately 28%, 31%, and 27% decreases in the mRNA level of Bcl-2, respectively (Fig. 2H) . However, no difference was observed in the mRNA levels of p53, Caspase-3 and Caspase-8 between the 3-PBA-treated groups and the control group (Fig. 2G ,J,K).
β-CYP and 3-PBA inhibited the gene expressions of cytokines in RAW 264.7 cells
As shown in Fig. 3A -D, exposure to β-CYP for 24 h reduced the mRNA levels of pro-inflammatory cytokines IL-1β, CXCL-1 and TNF-α in RAW 264.7 cells. The mRNA levels of IL-1β and CXCL-1 were reduced by 30%, 49%, and 61%, and by 35%, 68%, and 65% when treated with 25, 50 and 100 μM of β-CYP, respectively (Fig. 3A,C) . In addition, only treatment with 100 μM β-CYP caused Data are shown as the mean ± SD of three independent experiments performed in triplicate. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control.
## P < 0.01 and ### P < 0.001 compared with the 100 μM chemical treatment group.
a 37% decrease in the mRNA level of TNF-α (Fig. 3D) . In contrast, β-CYP did not influence the mRNA level of IL-6 (Fig. 3B) . Pretreatment with β-CYP for 12 h significantly reduced LPSstimulated elevation of mRNA levels of these four genes, with 53% and 58% reduction for IL-1β, and 49% and 69% decrease for IL-6, when treated with 50 and 100 μM β-CYP, respectively; and with 56% or 37% reduction for CXCL-1 or TNF-α after treatment with 100 μM β-CYP, respectively (Fig. 3A-D) .
Similarly, exposure to 3-PΒΑ for 24 h caused a decrease in the mRNA levels of pro-inflammatory cytokines IL-1β, IL-6, CXCL-1, and TNF-α in RAW 264.7 cells (Fig. 3F-I ). Exposure to 25, 50, and 100 μM 3-PBA for 24 h reduced the mRNA levels by 30%, 49% and 61% for IL-1β; and 35%, 68% and 67% for CXCL-1 (Fig. 3F,  H ). Exposure to 50 and 100 μM 3-PBA reduced IL-6 mRNA level by 32% and 37%, respectively (Fig. 3G) . Treatment with 100 μM 3-PBA caused a 37% decrease in TNF-α mRNA level (Fig. 3I) . Pretreatment with 3-PΒΑ for 12 h also showed a dominant inhibition in LPS-stimulated elevation of mRNA levels of these genes, with 13%, 21%, and 22% reduction for IL-1β, 24%, 51%, and 55% reduction for TNF-α, after treatment with 25, 50, and 100 μM 3-PBA, respectively; and with 22% and 19% reduction for IL-6 after treatment with 50 and 100 μM 3-PBA, respectively (Fig. 3F-I) .
As shown in Fig. 3E ,J, IFN-β mRNA level was reduced by 26%, 29%, and 61% when pretreated with 25, 50, and 100 μM β-CYP, respectively; and by 24%, 41%, and 47% when pretreated with 25, 50, and 100 μM 3-PBA, respectively.
β-CYP and 3-PBA inhibited phagocytosis of RAW 264.7 cells
As shown in Fig. 4A ,B, exposure to both β-CYP and 3-PBA inhibited phagocytosis of RAW 264.7 cells when compared with the control. Quantitative analysis showed that exposure to 50 and 100 μM β-CYP reduced the phagocytosis of RAW 264.7 cells by 10% and 58%, respectively (Fig. 4C) , as indicated by relative mean fluorescent intensity (RMFI). This phagocytosis of RAW 264.7 cells was reduced by 14% and 19% when treated with 50 and 100 μM 3-PBA, respectively, which is less severe than that induced by β-CYP (Fig. 4D) .
β-CYP and 3-PBA increased ROS level in RAW 264.7 cells
Exposure to β-CYP for 24 h caused an increase of ROS level (Fig. 5A) , with 1.12-and 1.42-fold increase in RMFI upon treatment with 50 and 100 μM β-CYP, respectively (Fig. 5C) . In contrast, Figure 2 . Effect of β-CYP and 3-PBA on the expressions of apoptosis-related genes in RAW 264.7 cells RAW 264.7 cells were treated with the indicated concentrations of β-CYP (A-F) or 3-PBA (G-L) for 48 h. The mRNA levels of apoptosis-related genes were measured using RT-qPCR. Data are shown as the mean ± SD of three independent experiments performed in triplicate. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control. Figure 3 . Inhibitory effect of β-CYP and 3-PBA on the gene expression of cytokines in RAW 264.7 cells RAW 264.7 cells were treated with the indicated concentrations of β-CYP (A-E) or 3-PBA (F-J) for 12 h, followed by stimulation of LPS, or Sendai virus for additional 12 h. The mRNA levels of the indicated genes were measured using RT-qPCR. Data are shown as the mean ± SD of three independent experiments performed in triplicate. P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control.
ROS level was induced to a less extent by exposure to 3-PBA, with 1.05-and 1.19-fold increase in RMFI upon treatment with 50 and 100 μM 3-PBA, respectively (Fig. 5B,D) .
β-CYP and 3-PBA regulated the expressions of oxidative stress-related genes in RAW 264.7 cells A total of five genes were up-regulated by exposure to β-CYP for 24 h when compared with the control group. The mRNA levels of Sod2 and Gpx2 were increased by 2.1-and 1.6-fold when treated with 100 μM β-CYP, respectively; the mRNA level of Ho-1 was increased by 1.6-and 3.0-fold and the mRNA level of Sod1 was increased by 3.5-and 3.2-fold, when treated with 50 and 100 μM β-CYP, respectively. The mRNA level of Cat was increased by 1.3-, 1.7-, and 2.0-fold, after treatment with 25, 50, and 100 μM β-CYP, respectively (Fig. 6A,B, D,E,G). In contrast, exposure to 50 and 100 μM β-CYP reduced Gsta1 mRNA level by 12% and 54%, respectively, as compared with the control group (Fig. 6F) . However, the mRNA levels of Gpx-1 and Nqo-1 were not changed after treatment with β-CYP (Fig. 6C,H) .
Similarly, exposure to 3-PBA for 24 h was found to regulate the mRNA levels of above-mentioned oxidative stress-related genes. When compared with the control group, treatment with 100 μM 3-PBA increased the mRNA levels of Sod1 and Sod2 by 1.5-and 2.1-fold, respectively; and treatment with 50 and 100 μM 3-PBA caused 1.6-and 3.0-fold increase in the mRNA level of Ho-1, and 1.4-and 1.5-fold increase in that of Cat, respectively (Fig. 6I,J,M,O) . In contrast, the mRNA level of Gsta1 was reduced by 54%, as compared with the control group (Fig. 6N) . No change was found in the mRNA levels of Gpx-1, Gpx2, and Nqo-1 before and after 3-PBA treatment (Fig. 6K,L,P) . The mean fluorescent intensity was analyzed using Fowjo v10.0.7, and the results were shown as MFI relative to that of the control groups (C,D). Data are presented as the mean ± SD of three independent experiments performed in triplicate. **P < 0.01 and ***P < 0.001 compared with the control. staining (A,B) . The mean fluorescence intensity (MFI) was analyzed using Fowjo v10.0.7, and the results were shown as MFI relative to that of the control groups (C,D). Data are pesented as the mean ± SD of three independent experiments performed in triplicate. * P < 0.05 and *** P < 0.001 compared with the control.
Discussion
Due to substantial and increasing usage, pyrethroids are found to be present in ecosystem, including sediments, water, vegetables, fish, and human [1, 18] . Recently, pyrethroids have attracted great attention, as they have been demonstrated to exhibit various toxicities, including immunotoxicity, to humans and animals. Deltmethrin, another kind of pyrethroids, was found to induce apoptosis in murine thymocytes and splenocytes [19, 20] . Our previous study demonstrated that cis-bifenthrin caused apoptosis in RAW 264.7 cells [17] . In accordance with previous studies, we observed that β-CYP inhibited cell viability and induced apoptosis in RAW 264.7 cells (Fig. 1A,C) , indicating that pyrethroids are cytotoxic to immune cells, including macrophages. This implies that β-CYP may directly impair immune function through cytotoxicity to immune cells. Huang et al. [21] reported that racemic CYP caused significant apoptosis in RAW 264.7 cells, while the toxicity of racemic CYP was less severe than that of β-CYP found in the present study. The variance may be owing to the difference between stereoisomers. In this study, we found that 3-PBA also caused cytotoxicity in RAW 264.7 cells (Fig. 1B) . Considering that pyrethroids are mainly degraded in liver microsomes to its metabolites, including 3-PBA, then transferred to various tissues through blood [22, 23] , 3-PBAiduced cytotoxicity in macrophages indicates that pyrethroids exposure may be toxic to immune cells in various tissues, thus it brings great concern that exposure of β-CYP could be harmful for a great range of immune system. In contrast, 3-PBA (0.01-100 μM) was shown have no cytotoxicity to SH-SY5Y cell, a human dopaminergic neuroblastoma cell line [24] . This discrepancy could be explained by the existing differences between these two cell types. In mammals, the major metabolic reaction of pyrethroids was the cleavage of ester linkage to produce DCCA, and 3-phenoxybenzoic alcohol (PBalc), followed by oxidation to 4′-OH-PBalc, 4′-OH-PBA, and 3-PBA [25] . The results obtained in the present study showed that β-CYP was more cytotoxic than 3-PBA to RAW 264.7 cells (Fig. 1) . Additional studies are indispensable to determine whether other metabolites are cytotoxic to immune cells and whether the biotransformation of β-CYP to DCCA and 3-PBA causes toxicity to immune cells.
In mammals, there are two main apoptotic pathways, including the extrinsic pathway (death receptor mediated pathway) and the intrinsic pathway (mitochondrial mediated pathway) [26] . Extrinsic apoptotic pathway involves in the attachment of extracellular ligands, including TNF-α, Fas-L, TRAIL, to transmembrane receptors [27, 28] . Lots of internal stimuli lead to an increase in mitochondrial membrane permeability, and thus initiate intrinsic apoptotic pathway [29] . Capase-8 and Caspase-9 are initiators in extrinsic and intrinsic pathways, respectively, while Caspase-3 is the effector caspase in both pathways [30] . We found that β-CYP and 3-PBA increased mRNA levels of Caspase-3 and Caspase-9 (Fig. 2D,F,L) , whereas they had no effect on the mRNA level of Caspase-8 (Fig. 2E,K) , implying that both β-CYP and 3-PBA lead to the activation of intrinsic apoptotic pathway, but not the extrinsic apoptotic pathway. P53, Bax, and Bcl-2 are important players in intrinsic apoptotic pathway [31, 32] . Exposure to β-CYP increased the mRNA level of p53, and decreased the mRNA level of Bcl-2 ( Fig. 2A,B) . Exposure to 3-PBA increased the mRNA level of Bax, and decreased the mRNA level of Bcl-2 (Fig. 2H,I ). This was in agreement with the observations that deltmethrin can increase Bax expression, and decrease Bcl-2 expression in murine splenocytes and exposure to cis-bifenthrin can increase the mRNA level of p53 in murine macrophages [17, 20] .
Cytokines play an important role in the regulation of immune system function. Lots of chemicals were found to regulate the gene expressions of cytokines, including pyrethroids. Exposure to five Figure 6 . β-CYP and 3-PBA regulated the mRNA levels of oxidative stress-related genes in RAW 264.7 cells Transcription levels of indicated genes were measured using RT-qPCR after cells were exposed to the indicated concentrations of β-CYP (A-H) or 3-PBA (I-P) for 24 h. Data are shown as the mean ± SD of three independent experiments performed in triplicate. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with the control.
pyrethroids was found to reduce the gene expressions of IL-4 and IFN-γ in PHA-stimulated human peripheral blood mononuclear cells [33] . Reduced plasma levels of IL-2, IL-8, IL-12p70, and IFN-γ were correlated with the occurrence of pyrethroids [34] . In accordance with these studies, we found that pyrethroids inhibited the expressions of pro-inflammatory cytokines, including IL-1β, CXCL-8, and TNF-α (Fig. 3) , implying that exposure of pyrethroids may lead to dysfunction of macrophages. Nevertheless, it was found that exposure to synthetic pyrethroids and their metabolites increased the secretions of IL-12p70 and TNF-α in monocytes, U937 cells [35] . This discrepancy may be explained by the differences between these two cell types. With no LPS simulation, IL-6 mRNA level showed no significant difference between the control group and β-CYP-treated groups, while exposure to 50 and 100 μM β-CYP inhibited LPSstimulated up-regulation of IL-6 (Fig. 3B) . Additional research is required to determine whether exposure to higher concentration of β-CYP can regulate the expression of IL-6. Moreover, IFN-β was found to be down-regulated by exposure to β-CYP and 3-PBA, indicating that exposure to pyrethroids may impair the anti-viral activity of macrophages, which brings concern that exposure of pyrethroids may cause more susceptibility to viral infection in human.
The main function of macrophages is phagocytosis and elimination of external and internal pathogens [36] . Some pyrethroids have been shown to affect phagocytosis of macrophages. For example, single gavage administration of 3.0 mg/kg/d cyhalothrin for 7 days was found to decrease the intensity of murine peritoneal macrophages phagocytosis of PI-labeled Staphylococcus aureus [37] ; exposure of 1 and 3 mg/kg/d cyhalothin by gavage for 7 days inhibited phagocytosis of zymosan in rat peritoneal macrophages [33] . In agreement with these observations, we found that exposure to both β-CYP and 3-PBA reduced phagocytosis of RAW 264.7 cells (Fig. 4) , indicating that exposure to both β-CYP and 3-PBA could impair phagocytosis of macrophages, thus it brings great concern that exposure to pyrethroids may cause more susceptibility to infection of pathogens. Additionally, we found that exposure to β-CYP resulted in a more remarkable decrease in phagocytosis of RAW 264.7 cells than exposure to 3-PBA, which was in agreement with the result that β-CYP is more cytotoxic to RAW 264.7 cells than 3-PBA (Fig. 2) . Nevertheless, it is still not clear whether biotransformation of β-CYP and other metabolites can impair the function of macrophages.
A larger number of environmental chemicals can increase ROS level in cells. For instance, ROS level was increased by exposure to organocholorine pesticide in human umbilical vein endothelial cells (HUVECs) [38] , and by exposure to deltamethrin in PC12 cells [39] . Our previous study showed that cis-bifenthrin caused oxidative stress both in vivo and in vitro [17, 40] . In agreement with prior studies, we found that both β-CYP and 3-PBA increased intracellular ROS level in a dose-dependent manner in RAW 264.7 cells (Fig. 5) . ROS could impair intracellular components, including proteins, lipids, and DNA, thus leading to cytotoxicity to cells [41] . Additionally, ROS have been demonstrated to disturb cellular signaling and oxidative homeostasis by mediating redox signaling and depleting anti-oxidant reservoirs [42] . Thus, ROS may underlie the mechanism of immunotoxicity caused by β-CYP and 3-PBA. In agreement with this deduction, N-acetylcysteine (NAC) was found to effectively block deltamethrin-induced apoptosis and autophagy in PC12 cells, as well as apoptosis in murine thymoctes [19, 39] . Expressions of oxidative stress-related genes are usually regulated to cope with increased intracellular ROS level. Three weeks of oral administration of 10 and 20 mg/kg/d cypermethrin was found to up-regulate the mRNA levels of anti-oxidant proteins, such as Sod-1, Sod-2 and Gpx-1 [43] . Chlorpyrifos was found to increase the mRNA levels of glutathione reductase (GR), hemi oxygenase-1 (Ho-1) and nuclear factor E2-relaed factor 2 (Nrf2) in choriocarcinomaderived JEG-3 cell line. In accordance with these studies, we found that some of the pivotal oxidative stress-related genes were upregulated by exposure to β-CYP and 3-PBA, whereas some were down-regulated (Fig. 6) . Gsta1, a member of the Glutathione Stransferase family, functions in the detoxification of electrophilic compounds, including environmental toxins and products of oxidative stress, by conjugation with glutathione [44] . Gsta1 is usually induced by environmental chemicals [45, 46] . In contrast, we found that both β-CYP and 3-PBA exposure inhibited the expression of Gsta1 (Fig. 6F,N) . Additional studies are needed to determine if the decrease of expression of Gsta1 after exposure to β-CYP and 3-PBA is ascribed to time-specificity or is compensated by simultaneous induction of some other GST coenzymes, although it is in agreement with the observation that exposure to β-naphthoflavone inhibited the expression of Gsta1 in human HepaRG cells [47] . Additionally, we found that exposure to β-CYP caused higher ROS level than exposure to 3-PBA (Fig. 5) . This may underlie the results that β-CYP reduced cell viability and phagocytosis in RAW 264.7 cells more severely than 3-PBA ( Figs. 1 and 4) .
Biodegradation acts pivotally in the detoxification of xenobiotics [48] . 3-PBA is one of the end products of pyrethroids in mammals and is found to be distributed in various organs and tissues, including blood and liver [49, 50] . Considering that 3-PBA can also induce immunotoxicity to RAW 264.7 cells, it highlights that immunotoxicity caused by pyrethroids will remain even after its detoxification in liver, consequently impairing the whole immune system through blood.
Various toxic effects of β-CYP and its metabolite 3-PBA on murine macrophages are summarized in Fig. 7 . Exposure to both β-CYP and 3-PBA reduces cell viability and phagocytosis, activates intrinsic apoptotic pathway and inhibits the expressions of pro-inflammatory cytokines in RAW 264.7 cells. The oxidative stress induced by Figure 7 . A proposed mechanism of the β-CYP-and 3-PBA-induced immunotoxicity in macrophages Exposure of macrophages to β-CYP or 3-PBA induces oxidative stress, which may directly induce cell apoptosis. Oxidative stress may also indirectly inhibit inflammatory pathway, anti-viral signaling and phagocytosis in macrophages.
exposure to β-CYP and 3-PBA may underlie the mechanism of toxic effects in RAW 264.7 cells. Moreover, exposure to β-CYP exhibits more severe immunotoxicity than exposure to 3-PBA. Additional research is required to investigate whether other metabolites of β-CYP, including DCCA, contribute to the immunotoxic effects on macrophages. The results in this study may help to reveal the immunotoxicity of β-CYP and its metabolite, and provide data for health risk assessment of pyrethroids.
